Abstract: Northeast China (NEC) is one of China's major rice production areas and has experienced obvious climate warming over the past three decades, similar to other mid-to high-latitude regions in the Northern Hemisphere. The present study investigates the temporal and spatial impacts of climate warming on rice yield in mid-high latitude regions. In this study, two time series datasets of rice yield and climate records in the NEC, including 178 county sites and 105 climate stations and covering the period from 1980 to 2008, were compiled. From these data, the responses of rice yield to the rice-growing season temperature (GST), growing degree days (GDD), and precipitation (GSP) were estimated using a regression model. The results indicate that rice yield benefits from climate warming in the NEC. GST positively impacted rice yield in 64.6% of the counties, with an increase of approximately 3.65%; GDD positively impacted yield in 64% of the counties, an increase of approximately 3.2%; and GSP negatively impacted rice yield in 68% of the counties, with a decrease of approximately´2.3%. Spatial variation was observed in the climate-rice yield relationships. The statistical relationships of GST and GDD with rice yield were significantly and positively correlated with latitude, longitude, and altitude, while that of GSP and rice yield was significantly and negatively correlated with latitude and longitude and showed a nonsignificant positive correlation with altitude. In summary, climate warming has significantly increased rice yield over the last three decades in the region north of 42˝N, east of 122.4˝E, and at an elevation of 134-473 m, which covers the majority of the rice-growing areas in the NEC.
Introduction
The effective adaptation of agriculture to climate change in high-latitude regions such as Northeast China (NEC) requires greater concern, especially regarding crop response mechanisms to local climate trends and variability [1, 2] . A number of studies have shown that rice responses to climate trends exhibit spatial variation [2, 3] , but these studies failed to determine to what degree geography impacted the climate-rice yield relationship, leading to uncertainty in how crop yields have been affected by climate change in middle-to high-latitude regions. High-latitude regions in the Northern Hemisphere have experienced significant climate warming, and crop productivity in these areas may benefit from warming trends [4] . The spatial patterns of the growing season climate and their impacts on rice yield at the county scale are important for understanding the vulnerability and adaptation of regional agricultural practices for rice planting in NEC, which is one of China's most climate-sensitive areas. The relationships between long-term crop yield and climate trends can help us more accurately assess climate impacts on crop yields. Statistical models and crop growth models are two types of models often used to assess these impacts [5] . Crop growth models consider crop growth as a function of dynamic, nonlinear interactions between weather, soil water and nutrient dynamics, management, and crop physiology [6] . Such models accurately reflect crop growth mechanisms and fully consider the impacts of climate factors; however, these models are more sensitive to their parameters and subject to error on larger scales [7] . Conversely, statistical models do not consider growth processes but instead employ statistical relationships between historical crop yields and climate trends; these models are easy to use and suitable for scales from site to global. However, statistical models often fail to consider the contributions of adaptation, technological advances, cultivar replacement, and farm management to crop yield [8] . Three types of regression model are used in statistical analysis: time series, cross-sectional, and panel regression models [8] . In statistical modeling, the first-difference method has been applied to eliminate the effect of technological changes, and linear [9] [10] [11] and nonlinear regression models [12, 13] have been used to evaluate the responses of crop yield to climate trends in different scales and regions.
Climate-yield relationships are scale-dependent and exhibit spatial variation, which is closely tied to geographical factors [2] . Grid-and province-scale studies in China have shown that the climate-rice yield relationship exhibits opposite trends in South and Northeast China [3] . Many studies have indicated that geographical effects play a vital role in the climate-rice yield relationship. Previous researchers have found that increased nighttime temperatures due to climate warming have negative effects on rice yield in tropical regions [14] , but others have found that site data from tropical and subtropical regions show significant differences [15] , leading to contradictory conclusions. Thus, geographical effects are important in investigating the spatial pattern of the climate-rice yield relationship at the regional or global scale to reduce the uncertainty in impact assessments of climate change.
NEC is one of the major single rice-cropping system areas in China and represents the highest-latitude area in which rice is planted worldwide. The region has also experienced the world's most significant climate warming, and rice planting in the area has expanded very rapidly over the past three decades [16] with an increase from 8.49ˆ10 5 ha in 1980 to 4.51ˆ10 6 ha in 2014. NEC has undoubtedly played a vital role in securing food production in China, and it is a region very suitable to investigate the climate-rice yield relationship [17] . Despite the preponderance of studies concerning climate trends and rice yield at multiple scales, research is still needed to assess the geographical effects on the climate-rice yield relationship and the impacts of climate at high latitudes. The objectives of this study are to analyze (1) the impact of climate trends on rice yield at the county scale in NEC; (2) the impact of climate trends on rice yield at the regional scale in NEC; (3) the impact of geographical effects on climate-rice yield statistical relationships at the county scale.
Data and Methods

Site Description
The study area consists of three provinces and 181 counties in NEC containing 4.51ˆ10 6 ha of rice-sown area (Figure 1 ). The centroid of the counties' latitudes of the study region is among 39.1˝N-50.2˝N and the longitude is between 119.3˝E-134.3˝E; the average altitude of the rice plant area in 178 counties ranges from 2 to 1093 m. The region sits in a cold temperature zone with a humid and semihumid climate. The seasons consist of cold, dry winters and warm, short summers. The average annual accumulated temperature above zero is 2500˝C-4000˝C, and the frost-free period normally begins on 28 March and ends on 2 October. Annual precipitation reaches 400-1000 mm, 80% of which falls from May to September. This climate, combined with good soil quality, makes NEC the main single rice-producing area in the country. The rice-growing season in the area begins in mid-April and ends in early October [17] . 
Rice Yield and Climate Data
Time series statistics of rice sown area and yield in the 178 counties of NEC (not including Huma, Tahe, and Mohe counties which do not have long-term rice planting areas) were obtained from China's annual agricultural database, provided by the Ministry of Agriculture, China, from 1980 to 2008 [18] [19] [20] . Meteorological data derived from the Chinese Meteorological Data Sharing Network for roughly 105 observation sites in the study area and elsewhere in China contained daily and monthly temperature (T) and precipitation (P) data [21] . The inverse distance weighted interpolation method was used to interpolate these data to 1 km pixels for each year, which were then masked by the spatial distribution of paddy rice extracted from a 2005 land use/land cover data set for the NEC [22] . County-level time series data, consisting of yearly growing season temperature (GST), precipitation (GSP), and growing degree days (GDD), were averaged by pixel in the administrative boundaries from 1980 to 2008.
GST was calculated as follows:
where d is the days to maturity for rice in the study area, n is the length of the rice-growing season of 153 days, mean T is the daily mean temperature.
GSP was calculated as follows:
where d is the days to maturity for rice in the study area, n is the length of the rice-growing season of 153 days, P is the daily precipitation. GDD were estimated from daily Tmin and Tmax at each site as follows [23 
where d is the days to maturity for rice in the study area, n is the length of the rice-growing season of 153 days, T mean is the daily mean temperature. GSP was calculated as follows:
where d is the days to maturity for rice in the study area, n is the length of the rice-growing season of 153 days, P is the daily precipitation. GDD were estimated from daily T min and T max at each site as follows [23] : where t is an individual time step (day) within the growing season, T t is the daily average temperature of T min and T max during this time step, and N is the number of days between sowing and maturity. DD represents daily growing degree days; T base and T opt are the upper and lower limits of a given temperature range, respectively. Generally, in NEC, the single rice-cropping system is grown from May to September, the entire length of the growing period is 153 days, which was therefore used for all sites. Further, GDD 10, 30 corresponds to the equation with T base = 10˝C and T opt = 30˝C for the growth stage of a single rice in NEC [24] .
Statistical Analysis
We performed the following analyses to demonstrate the rice yield responses to changes in climate warming. To investigate the climate-rice yield relationship by province, we used ordinary least squares linear regression [25] based on the first-difference time series for yield (∆Yield) and growing season climate (∆GDD, ∆GST and ∆GSP). This approach avoids the confounding influence of long-term variations such as changes in crop management. To remove the confounding influence of other factors, the original rice yield and climate variable data for each series were transformed by their de-trended values. To this end, the trends in the time series were first obtained by fitting the data with a smoothing spline in each series. The de-trended values from the time trends were then calculated as the differences of these trends from the observations in each year. The de-trended values of the county level rice yields were then correlated with the climate variables using a linear regression model for each series during the rice growing season. The regression coefficients calculated by this analysis can be viewed as metrics of the response of rice yield exclusively to climate change [9, 10, 26] .
where ∆Yrice it is the de-trended value of average rice yield for the ith county series in year t, which can be subtracted by year t's yield and year t´1's yield, ∆Cl it is the de-trended value of a growing season climate variable (∆GST, ∆GSP, ∆GDD), c i is the coefficient of the rice yield response to the climate variable for each series, d i represents an intercept for each series, and ∆ε i is the error term for each series.
To examine the spatial trends of the climate-rice yield regressions, linear and nonlinear regression were employed to analyze the relationships between yield change percentage and the latitude, longitude, and altitude of the counties. Here, the coefficients of the climate-rice yield de-trend regression can be used to divide the average yield in NEC to represent a yield change percentage. The fitness is compared by R 2 and p-values for significant testing. Table 1 , the annual growing season temperature of rice increased for 173 counties (97.2%) in NEC. The average warming trend was 0.42˝C/10 years, ranging froḿ 0.84˝C to 1.43˝C/10 years, with significant positive growth (p < 0.05) occurring in 94.8% of counties, ranging from 0.25˝C to 0.65˝C/10 years. The GDD of rice also increased in 177 (99.4%) of the counties in the study area, with 98.9% of these increases being significant (p < 0.05) increases and an average growth of 13.17˝C¨day/ year (ranging from´6.23˝C to 18.38˝C¨day/year) during the growing period. GSP decreased in 164 counties (92.1%) of the rice-growing areas during the growing season, but this decrease was non-significant in 89% of them. Only 14 counties (7.9%) showed an increasing trend for GSP, but this increase was significant (p < 0.05) in 71.4% of them. The average trend of GSP was´2.79 mm per year (ranging from´6.88 to 3.54 mm/year). The regression coefficients for the empirical relationships of the climate variables with rice yield are illustrated in Figure 3 and summarized in Table 2 . Most of these regressions generated positive coefficients with GST and GDD but negative coefficients with GSP over the study area. GDD was positively correlated with rice yield in 64% of the counties, and this correlation was significant (p < 0.05) in 29.8% of them. This result indicated that a GDD increase of 1˝C¨day increased rice yield by 1.18 kg/ha (range of´17.52 to 14.57 kg/ha); if the daily temperature during the entire growth period increased by 1˝C, rice yields (compared to the average rice yield of 5665.44 kg/ha in NEC during 1980-2008) would increase by approximately 3.2% (ranging from´47.3% to 39.3%). GST positively impacted rice yield in 64.6% of the counties, but this effect was significant (p < 0.05) in only 16.5% of them. This result indicates that an average temperature increase of 1˝C during the growing period would increase the rice yield by 206.63 kg/ha (ranging from´3061.5 to 2453.8 kg/ha), or approximately 3.65% (between´54% and 43.3%). GSP negatively impacted 68% of the counties in the rice cultivation area, with this effect being significant (p < 0.05) in 19% of them. This result indicates that a reduction of rainfall during the growing period of 1 mm decreases rice yield by 0.85 kg/ha (range of´6.96 to 12.71 kg/ha), or approximately´2.3% (range of´18.8% to 34.3%). Table 1 show that the average yield of rice was 5665.44 kg/ha (ranging from 3496.79 to 9093.34 kg/ha) during 1980-2008 in NEC. Yield increased in 99.1% of the counties, with 89.3% of these increases being significant (p < 0.05), and the average yield increase was 134.4 kg/ha per year (ranging from −7.48 to 322.74 kg/ha per year).
Results
Climate and Rice Yield
series showing negative/positive linear regression slopes. Neg_Sig/Pos_Sig: proportion of series showing significantly negative/positive slope coefficients (p < 0.05). Trendmin/max/mean: min/max/mean of time trends at the county level. Units: Yrice: kg/ha; growing season temperature (GST): 10 °C/year; precipitation (GSP): mm/year; growing degree days (GDD): °C·day/year.
Climate-Rice Yield Relationship in the Northeast China (NEC)
The regression coefficients for the empirical relationships of the climate variables with rice yield are illustrated in Figure 3 and summarized in Table 2 . Most of these regressions generated positive coefficients with GST and GDD but negative coefficients with GSP over the study area. GDD was positively correlated with rice yield in 64% of the counties, and this correlation was significant (p < 0.05) in 29.8% of them. This result indicated that a GDD increase of 1 °C·day increased rice yield by 1.18 kg/ha (range of −17.52 to 14.57 kg/ha); if the daily temperature during the entire growth period increased by 1 °C, rice yields (compared to the average rice yield of 5665.44 kg/ha in NEC during 1980-2008) would increase by approximately 3.2% (ranging from −47.3% to 39.3%). GST positively impacted rice yield in 64.6% of the counties, but this effect was significant (p < 0.05) in only 16.5% of them. This result indicates that an average temperature increase of 1 °C during the growing period would increase the rice yield by 206.63 kg/ha (ranging from −3061.5 to 2453.8 kg/ha), or approximately 3.65% (between −54% and 43.3%). GSP negatively impacted 68% of the counties in the rice cultivation area, with this effect being significant (p < 0.05) in 19% of them. This result indicates that a reduction of rainfall during the growing period of 1 mm decreases rice yield by 0.85 kg/ha (range of −6.96 to 12.71 kg/ha), or approximately −2.3% (range of −18.8% to 34.3%). 
Geographical Variation of the Climate-Rice Yield Relationship
An obvious geographical effect was observed for the climate-rice yield statistical/empirical relationships ( Figure 4) . Figure 4a -c show the latitude effect on the climate-rice yield relationship in NEC. The GST impact on the percent of the rice yield change exhibited a six-fold polynomial relationship with increasing latitude (p < 0.05, R 2 = 0.13). A negative impact was observed from 39.1˝N to 41.2˝N, averaging´4.87% (range of´13.43% to 8.22%), but positive impacts were observed from 41.2˝N to 42.8˝N, 46˝N to 47.8˝N, and 47.9˝N to 50.2˝N, averaging 6 .71% (range of´28.51% to 45.62%), 3.85% (range of´10.17% to 19.68%), and 3.85% (range of´7.16% to 16.76%), respectively. Positive impacts were also observed for GST from 42.9˝N to 45.9˝N, averaging 5.15% (range of´44.36% to 43.20%), and from 46˝N to 47.8˝N, averaging 3.85% (range of´10.17% to 19.68%). GDD had similar impacts on rice yield, with greater positive effects after 47.9˝N. The impact of GSP on the percentage change of the rice yield was linearly correlated with increasing latitude (slope =´0.96˝/%, p < 0.05, R 2 = 0.11), with a positive effect from 39.1˝N to 41.9˝N, averaging 0.24% (range of´12.95% to 30.52%), and a negative effect after 42.0˝N, with an average of´3.5% (range of´26.32% to 28.17%).
As shown in Figure 4d -f, the impacts of GST and GDD on the rice yield percentage change exhibit positive linear relationships with longitude from west to east, with slopes of 1.62˝/% (p < 0.05, R 2 = 0.19) and 1.46˝/% (p < 0.05, R 2 = 0.19), respectively, while the impact of GSP exhibits a negative linear relationship (slope =´0.61˝/%, p < 0.05, R 2 = 0.07). At longitudes between 119.3˝E and 122.7˝E, GST negatively impacts rice yield by an average of´8.44% (range of´44.36% to 8.22%); from 125.3˝E to 134.3˝E, GST positively impacts rice yield by an average of 6.22% (range of´31.92% to 45.62%). GDD exhibits a similar trend as longitude changes from west to east. At longitudes between 119.3˝E and 122.4˝E, the influence of GSP on rice yield is a positive effect, but as longitude changed from west to east, the rice yield percentage change decreased by an average of 3.93% (range of´11.17% to 30.52%); at longitudes between 122.5˝E and 134.3˝E, the GSP effect on rice yield decreased with the longitude by an average of´3.56% (range of´26.32% to 28.17%). 
Discussion
A comprehensive analysis of the spatial variation of the rice yield response to past climate trends is rare in the existing literature; most previous studies have examined time series relationships of climate and rice yield at the site [11, 14] , provincial [2, 27] , national [3, 28, 29] , and global scales [1, 25] . All of these studies have omitted geographical heterogeneity from the analysis of the climate-rice yield relationship and its dependence on spatial patterns, leading to uncertainty in statistical modeling [30, 31] . Several studies have found that temperature positively impacts rice yield, while others have reported a negative impact [14, 15] . The present study indicated that climate warming significantly positively correlated with the rice yield increase in NEC, which is consistent with the findings of Zhang et al. [32] , Tao et al. [2] and Xiong et al. [3] at the regional scale; the results also support the views that crops in high-latitude areas will benefit from climate warming [4] .
Few studies have observed that spatial or temporal climate variability impacts the predictions of statistical models [33] ; however, climate variability is related to geographic patterns. Lobell and Field found that climate trends account for´0.6% of the rice yield at the global scale by a first-difference de-trend statistical analysis [25] , while Tao et al. [2] indicated that climate warming increased the rice yield between 4.6%-14.6% in Jilin and 4.5%-10.7% in Heilongjiang at the provincial scale. The present study shows that climate variability is very large at the county scale ( Figure 2 ). The use of de-trended time series regression to analyze climate and rice yield at the county scale indicates that the uncertainty of spatial and temporal factors should receive much greater concern [34] . Lobell and Field [25] indicated that using statistic model results at a global scale may not explain the trend at the regional or local scale. In order to do a comparison with other results, the present analysis used the average impact of warming at the county scale to provide an uncertain assessment at the regional scale [33] . For example, the impact of GST ranged from´54% to 43.3% (R 2 from 0.01 to 0.49) at the county scale in this study, but the average at the regional scale was 3.65%. Compared with uncertainty at the experimental site scale, that at the county or provincial scales can be large [35] . However, uncertainty can be reduced by considering geographical factors such as latitude, longitude, and altitude when applying statistical models at broader scales [25] .
Many factors that contribute to the yield increase, such as changes in rice varieties, fertilizer, rice phenology dynamics [35, 36] , cultivar replacement [37] , irrigation and crop management [38, 39] , have to be taken in account [40] . Because of the rapid expansion in rice area, the rice yield also benefited from this process [17] . In NEC, climate warming has been found as a contributor to the rapid expansion in rice area [41, 42] . In order to separate the contribution of the yield increase or area expansion on the production, it is crucial to consider the geographical impact, which is usually ignored in these statistical models; however, climate usually exhibits significant geographic variation, as do other factors that impact rice yield, such as soil heterogeneity, crop management, and irrigation [26] . Recent trends in the climate-rice yield statistical relationship appear to have increased yields in some areas but decreased them in other areas [1, 32, 43] , which may imply that geographical factors are recessive factors that impact the climate-rice yield relationships. This study shows that coefficients of the climate-rice yield relationship all exhibit linear or nonlinear relationships with latitude, longitude, and altitude, which indicates that the rice yield impacted by climate can be limited by the spatial gradient of geographical factors (Figure 4) . Although the climate-rice yield statistical model in the present study minimized the impacts of these other factors by employing the first-difference method, geographical factors should receive further consideration at the county scale [44] .
Conclusions
The present study illustrates the general response of rice yield to past climate trends that have occurred during the rice growing season in the majority of NEC. Significant climate warming has occurred in NEC over the past three decades, with the mean temperature and effective accumulated temperature in the rice-growing season increasing by 0.42˝C/10 years and 13.17˝C¨day/years, respectively. Rice yield also significantly increased in most of the counties in the NEC by an average of 134.4 kg/ha per year, and the average rice yield in the region was 5665.44 kg/ha.
The climate-rice yield relationships at the county scale demonstrate that rice yield growth benefitted from climate warming in most of the counties in NEC, which is consistent with the previous report of the Intergovernmental Panel on Climate Change (IPCC) [4] . GST positively impacted the rice yield in 64.6% of the counties, with an increase of approximately 3.65%; GDD positively impacted the rice yield in 64% of the counties, an increase of approximately 3.2%; and GSP negatively impacted the rice yield in 68% of the counties, with a decrease of approximately´2.3%. However, the impacts of the climate trends exhibited spatial variation. The statistical relationships of GST and GDD with the rice yield were significantly and positively correlated with latitude, longitude, and altitude, while that of GSP and the rice yield was significantly and negatively correlated with latitude and longitude and showed a non-significant positive correlation with altitude. Climate warming has significantly increased rice yield over the last three decades in the region north of 42˝N, east of 122.4˝E, and at an elevation of 134-473 m, which covers the majority of the rice-growing areas in NEC. The latitude, longitude, and altitude factors of the rice planting area play a vital role in the impact on the spatial pattern of the climate-rice yield relationship. These results indicate that if the adjustment policy of the crop pattern in Northeast China will be planned by manager, it would be considered as an adaptation to climate change, especially the benefit of the rice yield at different geographic distributions due to climate warming. It is a reasonable choice for a food security strategy and regional agricultural sustainable development.
